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SIMULATIONS OF THE EFFECTS OF MOBILE IONS ON THE RELATIVISTIC
BEAM-PLASMA INSTABILITY FOR INTENSE BEAMS

Michael E. Jones, Don S. Lemons, and Huan Lee
Advanced Concepts and Flasma Applications Group
Los Alamos National Lsboratory
Los Alamos, New Mexico 87545

Abstract
Particle-in-cell simulations of the beam-plasma
instability for intense relativistic electron beanms
in dense plaswas show rapid heating of the electrons
to multi-kilovolt tempersatures. The resulting hydro-
dynamic motion of the plasma results in density
gradients taat degrade the interaction. Heat flow
out of the plast . is found in some instances to limit

the gradient formation process.

Introduction

The concept of using intense relativistic elec-
tron beams to hert high-density plasmas for inertial
fusion is cu.rently being investigated at Los Alamos
{1-3]. The hested plasma surrounding the fusion
pellet provides an efficient transfer of energy from
the beam to the peilet and «voids the preheat problem
associated with high-voltage beams. In order for
this concept to be s viable inertial fusion driver,
the beam must couple efficiently to the plasmi.

Previous astudies have shown that efficient
energy coupling is possible via the relativistic
beam-plasma or two-stream instability [4]). This
instability operates at the placma frequency and most
of lLe energy transfer is to the plasma electrons.
Furthermore, it is found that plasma density
gradients may degrade the interaction. The heating
of the plasma electrons raises the sound speed and
allows the ions to move, thus forming density
gradients.

This paper reports the results of a npunerical
study of the self-consistent gradient formation
process, performed with the particle-in-cell simula-
tion code CCUBE {5). The code is 24-dimensional,
fully electromagaetic, and relativistic., The simuls-
tions were performed in the r-z plane of cylindrical

coordit.ates.

Simulotion Parsmeters
An exhsustive parameter study of this problem is
impcasible. Thevefore, the paramelers were chosen
to app-oximate the parsrmeters of recent experiments
[2-3). The simulations begin with an anuular region
of plasma enclosed by a conducting cylinder whose
inside radius s 19% c/mp and whose thickness is

12 c/wp, where c is the speed of light and wp is the
plasma frequency. Into this region is injected an
annular electron beam with Lorentz factor y = 2
(500 keV) and current 23 kA. The beam is meno-
energetic, but it has a mean angular scatter about
the axisl direction of & = 0.03. The inside radius
of the beam is taken to be 200 c/wp and the thickness
is 2 c/w?. The simulations are performed with dimen-
sionlers parameters; but for a plasma density of
1016 cn-a, these dimensions correspond to a beam with
an inner radius of 1 cm and a thickness of 100 um.
All simulations were performed with an axial magnetic
field, wc/wp = 0.3, where w, is the electron cyclo-
tron frequency.

The beanw particles are absorbed when they strike
the conducting boundaries and the plasma particles
are thermally re-emitted from the walls with a
temperature of a few eV. The injection velocity of
the hean particles is held constant and the charge of
the particles is increased over o period of about
150 w;] to gradually establish the beam current and
allow self-consiztent return current and charge
neutralization by the plauma. It is adequate to
simvlate only the annular region about the beam
because the instability is essentially .lectrostatic
and the fields vanish a couple of c/wp outside the
beam [6). Also the self-consistent return current
flows within a couple of c/u$ of the beam. The
simulation cel” size {a 0.4 c/wp x 0.4 c/wp, 9 beam
particles/cell, and & electron and 4 ion particles/

cell are used,

The Effect of Gradients

For & uniform plasma, the beam-plasma insta-

bility is an absolute instabjlity growing in both
wpace and time [7, B8). Figure 1 shows a series of
snapshots of the phase space ot the beam as the
inntability develops for immobile ions. The beam ix
injected at z = 0 and the instability grows spatially
until particle trapping leads to nonlinear satura-
tion. Trapping occurs when the phane space becomens
double valued. Because the instability is abaolute,
the trapping point gets shorter in time. For a

lO16 cn'a density plasma, the asimulation Jlength
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Fig. 1. Besm phase spsce plots for uniform plasma
and immobile ions showing absolute insta-
bility.

(80 c/wp) corresponds to 4 mm. The trapping length
can be seen from Fig. 1 to become less than 1 mm.

I1f the gradients are weak enough, the insta-
bility will behave quslitatively like the uniform
density case. However, if the gra..eats are
stronger, the iastability becomes convective, which
limits the trapping length [9). Figureo 2 snd 3 show
phase space snapshots from two simulations with
immobile ions but with linear plasma density
gradients. In Fig. 2, the plasma dersity varies from
0.8 at z =0 to 1.0 st 2z = 80 c/wp in the dimension-
less units of the code. As can be seen, the insta-
bility retains its absolute character wod the
trapping length shortens in time. For Fig. 3, the
density variation is from 0.7 to 1.0. In this case
the instability becomes convective and the tiapping

length ceases to shorten.
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Fig. 2. Beswn phase-space plots for plasms with 20%
density wvariation across the simulation
region showing unifore-like absolute insta-

bility.
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Fig. 3. Beam paase-space plots for plasma with 30%
density wvariation across the simulation
region showing the instability becoming
convective.

Mobile lon Simulations

Figure 4 shows phase-space snapshots for an
initially uniform system with mobile ions of the
proton mass. Note that the system is only 40 c/mp
long. The trapning length shorteus and then begins
to lengthen until finally the trapping iength exceeds
the length of the plasma and the beam stops deposit-
ing energy. The energy phase space for the plasma
electrons at wpt. = 600 is shown in Fig. 5. It shows
the electrons being preferentially heated near the

center of the plasma tc near 1 keV. The energy loss
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Fig. & DBeam phene-space plots for mobile tons show-
ing quenching of the instability resulting
from fon wotion.
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Fig. 5. Energy-phase space plot for plasma electrons
showing localized heating.

appears localized in space near the point of trap-
ping. This raises the ion acoustic speed enough to
allow the ions to move freely across the magnetic
field Jrn.ging the electrons with them. This results
in a localized density depression forming an axial
plasms density gradient. The ion positions are
shown at wp: = 1000 in Fig. 6. For these parameters
the gradient relaxes very slowly so the interaction
remains quenched, at least up to wpt =z 2750.

However, for a longer system as shown in Fig. 7,
the trapping length may remain shorter than the
plasma region. The thermal re-emissica of the plasma
electrons from the boundaries provides a means of
energy loss so the plssma temperature ceases to
increase, and the beam continues to lose energy.
Eventually the plasma ions become heated, which also
tends to smcoth the gradients. The ion positions are
shown in Figs. 8 and 9. Near uht = 1000 the local-
ized motion ot the ions produces an axial density
gradient. Becsuse the system is longer than in the
case discussed previously, the iateraction leagth ccn
increase without atabilizing. Later, the interaction
reaches 8 dynamic equilibrium where localized heating
produces a gradient that weakens the interaction
followed by . relaxation of the gradient, which
strengthens the interaction, and the cycle repeats.

The fraction of the beam energy lost is & com-
plicated function of time and the plasma uniformity
[10]. These simulations showed as much as 50% loss
for the uniform case compared with 15% for the last
case discussed. 1f the ion acoustic speed divided by
the ion cyclotron froquency can be kept smaller than
the beam thickness, the magnetic field will prevent
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Fig. 6. 1Ion particle plot showing movement from
initially uniform distribution.
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Fig. 7. Phase-space plot for mobile ions in longer
system showing the effect of yradient forma-
tion making the instavility convective but
remeining unstable.

gradient formstion from radial diffusfon of the
plasma. This cau be achieved bv heating higher
dennity plasman. Furthermore, significant cooling of
the plasma electrons can occur due to radiation, an
effect not imcluded in these simulations.
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